• Although the presence of Thebesian drainage channels in the mammalian heart has been confirmed by a variety of anatomic studies since the first demonstration by Vieussens, 1 Thebesius, 2 and more recently by Wearn, 3 -4 the functional significance of these vessels has never been firmly established. Beginning with the experiments of F. H. Pratt in 1898, 5 numerous studies have claimed to show physiological function of these channels in the coronary circulation. However, all such studies to date have been either post-mortem perfusion experiments, in vivo coronary flow preparations with abnormal pressure-flow relationships between the coronary circulation and the heart chambers, or preparations in which the anterior cardiac vein drainage has not been considered. For these reasons Gregg has questioned the functional importance of these vessels in the normally beating heart. 6 ' 7 During a recent study of flow characteristics in the canine septal artery, a branch of the common left coronary artery supplying the major portion of the interventricular septum, 8 -9 it was noted that temporary occlusion of this vessel had no effect on the volume of venous outflow from the coronary sinus or anterior cardiac veins. 10 In other studies postmortem injection of India ink into the septal artery showed staining of the septum and free drainage into the right ventricle with only minimal appearance in the coronary sinus From A preliminary report of this study was presented to the American Heart Association and abstracted in Circulation, 22: 790, 1960 .
Received for publication September 20, 1962. 212 and anterior cardiac veins; retrograde injections of ink into the coronary sinus failed to enter the central portion of the septum. 11 This evidence was compatible with direct pathways of drainage into the right ventricle from the septal artery and the present study was designed to determine whether such drainage is functional in the dog heart, beating in situ, with normal pressure-flow relationships between the coronary vasculature and the ventricular cavities.
Methods

Mongrel dogs weighing between 18 and 22 kg
were anesthetized with morphine and pentobarbital, and intermittent positive pressure breathing was established through an occlusive intratracheal tube. After the left chest was opened and the pericardium incised, heparin was given and the left jugular vein and left common carotid artery were cannulated. A Morawitz cannula was passed into the right atrium via the appendage and secured in the ostium of the coronary sinus by an occlusive balloon. The outflow from the coronary sinus was diverted through a long (2.0 m) external circuit into the previously cannulated jugular vein; the sinus outflow could be measured with a graduated cylinder from a side arm of this circuit. The septal artery Avas then cannulated at its origin and perfused from the previously eannulated carotid artery through a rotameter designed for flows up to 25 ml/minute. Similarly, the anterior descendens, the left circumflex, and the right coronary arteries were cannulated in other animals and perfused through a rotameter for flows up to 100 ml/min.
Polyethylene catheters (P-260) were placed in the coronary sinus via the Morawitz cannula, and in the pulmonary artery through a stab wound in the right ventricle. These catheters were led through a split, sodium iodide scintillation crystal* and connected to a mercury suction bottle for sampling from these sites. Some of these animals were then turned on their left sides and their right chests wei'e opened for cannulation of the anterior cardiac veins. Two to four anterior cardiac veins were usually cannulated through their orifices in the right atrium and the venous outflow collected *Harshaw Chemical Company, Cleveland, Ohio.
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by a manifold from which a sampling catheter was passed through the split scintillation crystal. A standard rate of 40 ml/min was used in sampling from the coronary sinus and pulmonary artery; anterior cardiac vein sampling was done by gravity flow with rates of from 4 to 12 ml/min. After these preparations were completed, injections of 5 to 100 ixc of I 131 serum albumin,! in a total volume of less than 0.5 ml were made into the septal artery cannula tubing and time-concentration curves recorded from the sampling site of interest. Similar curves were recoi'ded after injections into the anterior desoendens and circumflex arteries for comparison with those from septal injection. The time-concentration curves were measured from the blood flowing through the splitscintillation crystal by a ratemetert using a time constant of 0.5 seconds, and scale factor of from 10,000 counts/min (10 K) to 100,000 counts/min (100 K), and were recorded on a Reetiriter § at a paper speed of 12 inches/min. After each determination, transit time through the sampling catheter was measured and appearance time of the timeconcentration curve correspondingly corrected. No correction was made for the dead space between the point of injection in the cannula tubing and the coronary artery. The same site was used, however, for all injections of each experiment.
In some animals oximetric study of pulmonary arterial blood before and after occlusion of the septal artery was done by constant samplingthrough a densitometer.||
Results
The hypothesis that the septal artery drains directly into the right ventricle requires evidence that after septal artery injection of isotope either the appearance time of radioactivity in the pulmonary artery is shorter than in the coronary sinus or anterior cardiac veins, or that there is a clear difference in the character of the time-concentration curves recorded from these sampling sites. Further evidence for this contention would come from a demonstration of a difference in the magnitude of the time-concentration curves recorded from these sites when septal artery injections are compared with injections into the other branches of the common left coronary artery. Figure 1 shows representative time-coneen- Time-concentration curves recorded at sampling sites after septal artery injection of I 1S1 serum albumin. Scale factor 3 10,000 counts/min. tration curves recorded from the anterior cardiac veins, the coronary sinus, and the pulmonary artery after septal artery injection of I 131 albumin. There Avas no consistent or significant difference in the appearance times of the pulmonary artery and coronary sinus curves. Appearance in the anterior cardiac veins was either delayed as shown in this figure, or no initial peak was observed. Although the similarity of appearance time in the pulmonary artery and coronary sinus after septal artery injection makes this criterion unsuitable for proof of direct right ventricular drainage, it does prove that the time-concentration curves recorded from the pulmonary artery represent first circulation of the isotope through the right heart.
However, the time-concentration curves recorded from these sites were consistently different. As illustrated in figure 1 septal artery injection of isotope produced minor peaks of radioactivity on first circulation in the Time-concentration curves recorded at sampling sites after circumflex artery injection. Scale factor, 30,000 counts/min. coronary sinus and anterior cardiac veins with the major peak occurring at the time of recireulation from the left heart. In contrast, the pulmonary artery curve showed the major portion of radioactivity in the first circulation with a minor reeirculation peak. The character of these time-concentration curves indicates that after septal artery injection of isotope there is some drainage of radioactivity into both the coronary sinus and anterior cardiac veins, but that the bulk of this drainage is directly into the right ventricle. The latter drainage produces the major primary peak of radioactivity in the pulmonary artery and, after circulating through the lungs, recirculates through the major branches of the common left coronary artery and right coronarj 7 artery to produce the large recireulation peaks in the coronary sinus and anterior cardiac veins.
In contrast, isotope injected into those branches of the common left coronary artery whose major drainage is known to be the coronary sinus produces a "mirror image" of the septal artery drainage pattern. Time-concentration curves recorded at sampling sites after anterior descendens artery injection. Scale factor, 30,000 and 100,000 counts/min. radioactivity in the coronary sinus and minor first circulation peaks in the pulmonary artery. The first circulation peak from the pulmonary artery sampling site is due to radioactivity that has entered the right heart from cardiac veins draining into the coronary sinus proximal to the occlusive tip of the cannula or through the anterior cardiac veins, while the markedly delayed secondary peaks are produced by the major portion of isotope that has drained into the cannulated part of the coronary sinus and reached the right heart through the long external circuit connecting the coronary sinus to the jugular vein. The differences in magnitude of the first circulation peaks suggested that quantitative analysis of these time-concentration curves would give confirmatory evidence of the differences in drainage pathways between the septal artery and the other branches of the common left coronary artery. The magnitude of drainage at these sites was estimated by applying standard dilution equations to the primary curves of radioactivity with total flow at the site known. Assuming complete mixing, drainage at the sampling site of interest was equated with the amount of isotope accounted for at that site by the formtila, I = Cav T X F, where I is the amount of isotope accounted for at the sampling site Amount of injected isotope accounted for in coronary stilus after septal, descendens, and circumflex artery injections.
the coronary sinus and anterior cardiac veins, F, represented outflow from those sites as measured by collection. In the pulmonary artery, F, represented cardiac output which was calculated either from dilution curves recorded from the pulmonary artery of I 131 albumin injected into the jugular vein within one to two minutes after the time-concentration curve from the coronary artery injection Amount of injected isotope accounted for in anterior cardiac veins after septal, deseendens, circumflex and right coronary artery injections.
was completed, or from dye dilution curves recorded through a densitometer from the aorta after the simultaneous injection of indocyanine green dye. Figure 4 illustrates the amount of isotope, expressed as per cent of the injected dose, accounted for in the pulmonary artery after septal artery injection. The average value of 80% is compared with the average figures of 22% and 29% obtained by the same method after isotope injection into the deseendens and left circumflex arteries, respectively.
In contrast, figure 5 shows that only an average of 9% of the isotope injected into the septal artery is accounted for in the coronary sinus, while an average of 70% can be ealcu- 
Summary of quantitative drainage pattern of septal artery as represented by amount of injected isotope accounted for in pulmonary artery, coronary sinus and anterior cardiac veins.
lated there after deseendens and circumflex injections. Figure 6 demonstrates that less than 1% of isotope injected into the septal or circumflex arteries appears in the anterior cardiac veins with a slightly greater amount, 6%, from the anterior deseendens. In contrast, isotope injections into the right coronary
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artery shows that the anterior cardiac veins are the major pathways of drainage from this vessel. Figure 7 summarizes the drainage pattern of the septal artery as estimated by these methods. Since the major drainage of this vessel can be accounted for by the early timeconcentration curve in the pulmonary artery and since only small amounts of injected isotope are evident in the coronary sinus and anterior cardiac veins after septal artery injection, it can be deduced that the majority of the isotope arrived at the pulmonary artery via channels other than the coronary sinus or anterior cardiac veins.
The oximetric studies from the pulmonarj' artery failed to show any significant change in saturation of pulmonary arterial blood incident to occlusion of the septal artery.
Limitations of the Methods
The major burden of this study was the demonstration of direct right ventricular drainage of the septal artery as manifested by the time-concentration curves recorded in the pulmonary artery. Obviously, drainage through the usual venous pathways of coronary sinus and anterior cardiac veins must be accounted for before any conclusions can be drawn regarding other drainage channels. Although the coronary sinus was cannulated by an occlusive cannula so that the major portion of its outflow was diverted into the jugular vein by a delaying circuit, complete isolation of the coronary sinus outflow was not obtained. Similarly, complete isolation of the anterior cardiac vein drainage could not be obtained. Thus, the time-concentration curves recorded in the pulmonary artery after septal arterial injection were partially made up of isotope that had escaped the coronary sinus cannula or had drained into the right heart via the anterior cardiac veins. However, the contribution of these drainage sources was manifestly minor when the following observations are considered: (1) Direct estimates of the average amount of isotope appearing in the coronary sinus and major anterior cardiac veins after septal ar-tery injections were of a low order of magnitude, less than 10% for the coronary sinus, and less than 1% for the anterior cardiac veins. (2) These values were obtained from the isolated coronary sinus and anterior cardiac veins and represented isotope that did not enter the right ventricle during the recording of the pulmonary artery curve. There is no reason to believe that greater amounts of isotope gained access to the right ventricle from the portions of the sinus and the anterior cardiac veins that escaped cannulation unless specific veins draining the septal artery and entering the coronary sinus proximal to the occlusive balloon of the Morawitz cannula are postulated. This possibility was investigated by post-mortem India ink injections and although small amounts of ink appeared in the venous orifices near the ostium of the coronary sinus, no single vein draining the septal artery was identified. Retrograde India ink injections into these venous orifices consistently failed to stain the central part of the septum. In addition to drainage into the right heart from these veins proximal to the tip of the coronary sinus cannula, it is possible that if the occlusive balloon of the cannula blocked these orifices blood might then be shunted through venous collaterals to the right ventricular drainage channels of the septal artery. Nonetheless, oar post-mortem injection studies suggest that the amount of blood so shunted would be small. Although the average figure of 80% for direct drainage of the septal artery may be an overestimate, we believe that the method shows the predominant Thebesian drainage of this vessel into the right ventricle.
We have equated the drainage at any sampling site with the amount of isotope accounted for by the time-concentration curve recorded at that site. This assumes complete mixing of the injected isotope not only before reaching the sampling site but before major branching in the coronary arterial system. Other than reproducibility of the results in many determinations in a number of dogs we have no proof that mixing was ideal and com-plete. As in most dilution studies, this has been assumed.
In the majority of the estimates of drainage at the pulmonary artery sampling site, the cardiac output was determined by injecting I 131 albumin into the jugular vein and recording time-concentration curves from the pulmonary artery catheter. The output was measured within one to two minutes after the coronary arterial injection; it was necessary to delay this determination in order to allow the background radioactivity to stabilize after the coronary injection. The objections that could be raised to this method are that the pulmonary artery sampling site may not be adequate for cardiac output determination after jugular vein injections because of the possibility of poor mixing, or that the output was not done simultaneously with the recording of the radioactive curves after coronary arterial injection. However, we have compared output determinations from pulmonary artery and aorta after jugular vein injection and have found no systematic error. The use of the pulmonary artery sampling for output determination has been studied and validated by other investigators. 12 ' 13 Simultaneity of output determination with measurement of the radioactive time-concentration curve in the pulmonary artery after coronary arterial injection is desirable but could not be done in the early determinations of this study. However, later measurements using cardiogreen dye for simultaneous output determinations showed no significant difference in the estimated quantity of isotope in the pulmonary artery after coronary artery injection between this method and that in which the output was determined one to two minutes later.
Discussion
The rotameter determinations of this and other studies 14 have shown an average septal arterial flow of 13.6 ml/min (range 10.2 to 24.3 ml), or 83.2 ml/min per 100 g of septum (range 45.5 to 154.0 ml) ; this flow represents an average of 16.0% of total left coronary flow (range 11.4% to 21.1%). Thus, with an average figure of 80% of septal flow draining directly into the right ventricle, it can be derived that an average of 12.8% of the total left coronary flow drains into this chamber via the septal artery. These data indicate that at least part of the discrepancy usually found between the volume of total left coronary arterj r inflow and the coronary sinus outflow can be explained by the right ventricular drainage of the septal artery, and that this difference is not due solely to anterior cardiac vein drainage. In fact, these studies indicate that of the branches of the common left coronary artery only the anterior descendens artery has any significant drainage via the anterior cardiac veins and that this is of a low order of magnitude, averaging less than 10% in the normally beating heart. The function of the anterior cardiac veins as the major drainage pathway of the right coronary artery has been confirmed.
Of major importance in this demonstration of Thebesian drainage of the septal artery would be knowledge of the character of the blood that drains into the right ventricle from this branch of the left coronary artery. The accuracy of coronary sinus samplying methods for measuring left ventricular myocardial oxygen consumption rests on the assumption that the oxygen content of venous blood not draining into the sinus does not differ significantly from that portion which does. 15 If the quantity of blood draining directly into the right ventricle is small, a difference in oxygen content relative to calculation of left ventricular oxygen consumption is probably not important. However, our study indicates that a significant amount of blood from the left coronary artery escapes coronary sinus drainage and might be a limiting factor in this or an}' other left ventricular metabolic calculation. Although the oxygen saturation in pulmonary arterial blood did not change after occlusion of the septal artery, no conclusions can be drawn since the amount of blood draining directly into the right ventricle is minute relative to the diluting volume of this chamber, the cardiac output, which in our preparations averaged 1,000 ml/min. Con-sequently, although this study has demonstrated Thebesian drainage into the right ventricle, its character, that is, venous or arterial, remains unknown. Since the interventrieular septum is a functional part of the left ventricle and its blood flow per 100 grams is approximately the same as that in other parts of the ventricle, it might be predicted that the Thebesian drainage is venous and no appreciable error would result from the use of coronary sinus blood as representative of total left ventricular drainage.
Summary
Direct right ventricular drainage of I 131 serum albumin injected into the septal artery of the normally beating dog heart has been demonstrated. By the application of standard dilution equations to the time-concentration curves recorded in the pulmonary artery, estimates of the magnitude of this Thebesian drainage have been made. Approximately 80% of septal artery outflow has been estimated to drain directly into the right ventricle; this amount comprises about 12.8% of total common left coronary flow and, in part, explains the discrepancy found between common left coronary inflow and coronary sinus outflow.
The implications of Thebesian drainage of a branch of the common left coronary artery relative to the use of coronary sinus sampling for left ventricular metabolic studies have been discussed.
